HE capillary condensation hypothesis sug gested by Zsigmondy1 2 in explanation of adsorption in porous bodies prompted a number of scientific workers3 to study the mechanism of the adsorption process by the application of the Kelvin4 equation
In (P /P 0) = ±2crV/RTr, .
where P /P 0 is the relative vapor pressure of a liquid surface of radius of curvature r with respect to a plane surface, V is the molar volume of the liquid, a is the surface tension which is assumed to be independent of curvature, and R and T have the usual significance. The sign of the right-hand term depends on whether the surface is concave or convex, the minus referring to liquids in capillaries and the plus to droplets. The results of this application were rather perplexing, since in many instances5 the calcu lated radii of the pores were less than the known diameters of the molecules of the adsorptive. On the other hand, Patrick6 and co-workers extended the Zsigmondy hypothesis by assuming that the surface tension in small closed capillaries is increased because of a negative hydrostatic pressure in the surface, and were able to show the independence of the volume of adsorption from temperature and from the chemical nature of the adsorptive, thus showing the applicability of a modified Kelvin relationship.
In this connectiQn, Shereshefsky,7 studying the vapor pressure of water in small capillaries several /* in diameter, found the lowerings con siderably greater than the corresponding values obtained from the Kelvin equation. These results were interpreted to indicate an increase in the surface tension, and therefore the need for extending this relationship. However, Goodris and Kulikova,8 in studying the evaporation of water droplets of radii approximately equal to those of the capillaries, found the Kelvin equa tion to hold.
Recently Woodland and M ack,9 applying the same method in a study of the rate of evaporation of droplets of dibutyl phthalate and dibutyl tartrate, report exceedingly high values for the surface tensions of these substances when calcu lated with the aid of the Kelvin equation. These high values they seek to explain by assuming that the evaporating droplets are surrounded by a layer of vapor from 0.5/x to 0.6/* in thickness.
In view of these discordant results together with the high values of surface tension and the unlikely thickness of the vapor layer reported by the latter workers, we undertook this study of the Kelvin relationship.
EVAPORATION of s m a l l d ro ps

A pparatus and M ethod
Similar to Goodris and Kulikova8 and W ood land and M ack9 we studied the rate of evapora tion of tiny liquid droplets by utilizing the method developed by Millikan10 in the oil-drop experiment. It was also considered desirable first to obtain data that would lend themselves to direct comparison with the work of Woodland and Mack. For this reason the Hoag* 11 modifica tion of the oil-drop apparatus and droplets of ^-butyl phthalate12 were used in this preliminary investigation.
The set-up included an a.c. power supply unit13 to furnish the required plate potentials, which could be varied in a continuous manner over a range of 0-850 volts. The output of the unit was stabilized with a voltage regulator14 connected in series with the input. This arrange ment reduced the fluctuations in the line to ± one percent.
Four series of experiments were carried out in which droplets ranging from 3.0 to 0.5^ in radius were studied. In one series droplets were allowed to evaporate in a condenser chamber saturated with dibutyl phthalate vapor. This condition was obtained by placing micro-boats containing the liquid in convenient positions in the con denser. In the second series the evaporation of a number of droplets was allowed to proceed under conditions in which the condenser chamber con tained activated charcoal. In a third series of experiments the charcoal was replaced by small sheets of blotting paper which were placed against the upper and lower plates. In this connection it may be pointed out that the blot ting paper had no dielectric properties and merely affected the distance between the plates. But as the ratio e/d, as evident from Eqs. (2) and (3) given in the following section, is deter mined by the measured values of V and m, an error in the value of d is of no consequence to the purposes of this investigation. In the latter two series the condenser was taken apart, cleaned, and fresh charcoal or blotting paper introduced for each droplet studied. In the fourth series similar measurements were carried out under reduced pressures. This necessitated a more complicated apparatus which will be de scribed in a forthcoming paper.
Results
As it is hardly possible to include in this paper all the data and calculations obtained for the large number of droplets investigated, we are presenting complete data for only two phthalate droplets; these were studied in a chamber containing blotting paper. They were chosen because of the relatively large change in their radii during the period of observation, as well as because they are approximately of the same radius as the phthalate particle reported by Woodland and Mack. A further reason for selecting them was the fact that they show considerable differences in the rate of evaporation at comparable radii.
The data for these droplets are contained in Tables I and II in the first two colum ns; the values of the third column were obtained with a tangent meter from the voltage-time curves given in Figs. 1 and 2 drawn on a larger scale. The remaining columns were calculated from the first three by the application of the equations given below :
where v is the rate of free fall, r is the radius of the droplet, p is the density of the liquid, and 7 ] is the viscosity of air. 2. The relationship between the electrical field, the charge and the mass of the droplet Ve/d = mg = ( 4 /3 ) 7 r r 8pg, (3 ) where V is the plate potential, d is the distance between the plates, e is the charge of the droplet, g is the acceleration constant, and m is the mass of the particle. In the fifth column are given the rates of evaporation expressed in grams per second per cm radius of droplet. In the sixth column are given the rates of evaporation in grams per second per sq. cm of surface of the droplet.
It is of importance to point out that differ ences in the rates of evaporation as appreciable as those shown in the above tables were obtained with the largest number of droplets studied in these experiments. Furthermore, these differ ences were observed both when the evaporation was taking place in a condenser saturated with phthalate vapor and when the condenser con tained an adsorbing material. Thus droplets 1 and 2 in Table III evaporated presumably under equal environmental conditions, since the cham ber in each instance was saturated with phthalate vapor; but the first droplet showed a rate of evaporation almost twice as large as the second, in spite of the fact that the former was a larger droplet. The same is also true of droplets 7 and 11 which were evaporating in a chamber con taining charcoal, and of droplets 18 and 21 which were evaporating in a chamber containing sheets of blotting paper.
It was also observed that the rate of evaporaration was affected by the relative number of droplets entering the condenser. This number, not easily controllable, varied widely from experi ment to experiment, as it depended on the hand pressure applied to the rubber bulb of the atomizer and the relative direction of the nozzle with respect to the perforations in the upper plate of the condenser. When the number of the droplets thus introduced into the chamber was relatively large, the rate of evaporation of the droplet under observation was generally slower, and vice versa.
It is therefore very likely that the apparent inconsistencies pointed out above are due to a variation in the degree of saturation of the chamber and of the adsorbing material. All the droplets, except the ones held for observation, whether charged or uncharged, fell to one or the other plate. While many of them in reaching the surface of the plates may have spread, a large fraction undoubtedly adhered in some modified droplet form, and caused a supersaturated atmosphere. It also explains why in the case of the blotting paper where all the droplets reaching the plates were absorbed the rate of evaporation was so much higher.
However, all droplets, each under its own environmental conditions-, behaved consistently alike as evidenced by the linear time variation of the surface shown in curve 1, Figs. 1 and 2 , where the square of the radius is plotted against the time.
T reatment of Results
Maxwell15 pointed out that the rate of diffusion and the rate of heat conduction are equivalent processes and that mathematically analogous equations can be applied to both phenomena. Therefore, in a hollow sphere which is large in comparison with the droplet and which is lined with an absorbing medium, a droplet held in the center will evaporate as fast as the vapors are carried away by diffusion to the absorbing walls. As the conditions of the present experiments approximate this ideal arrangement, the radial flow of vapor from the droplet to the walls of the condenser may be described by the Fourier equation dp/Ddt = d2(rp)/rdr\
where D is the diffusion coefficient, p is the density of the vapor, and r is the radial distance from the center of the droplet. Assuming that for short time intervals the densities of the vapor in the different parts of the system are constant, the above equation becomes
which on integration gives equation
where A and B are constants. From this general equation relating the density of the vapor with the radial position, after introducing appropriate boundary conditions, there is obtained16
where dm/dt is the rate of evaporation of the droplet, pi is the density of the vapor at the distance r\ equal to the radius of the droplet, and po is the density of the vapor at a distance Ro equal to the radius of the hollow sphere.
When r± is small in comparison with Ro, Eq. (7) can be simplified to -dm/dt = 4:7rDri(pi -po),
which on assuming the vapor to obey the gas laws can be put into the form -dm fdi = ^irriMD (pi -po) /R T.
This equation, in which pi is the vapor pressure of the droplet, becomes identical with that derived by Langmuir,17 when po the vapor pressure of the absorbing medium is negligible with respect to pi. Langmuir applied this equa tion to explain the results of Morse18 1 9 who found the rates of evaporation of small iodine spheres to be proportional to the radius.
Assuming the droplet to be a perfect sphere, its mass m is given by m= (4/3)7rr3p.
(10)
Neglecting the variation of the density with the radius and differentiating, we obtain
where 5 is the area of the droplet. Combining with Eq. (9), we obtain
This equation, first derived by Whytlaw-Gray and Whitaker19 to explain results obtained by them in a study of the vapor pressure of small water droplets, is in agreement with the constant rate of change of surface also found in our experiments, as shown in Figs. 1 and 2 . In view of the appreciable effect of the vapor pressure of the absorbing medium upon the rate of evaporation of a droplet discussed in the preceding section, it is evident that po in Eq. (9) cannot be assumed to be negligible, and that the rate of evaporation per unit radius, ( i/ri)dm/dt, is proportional to the difference (pi~po) of the vapor pressures. This fact most likely explains why Woodland and M ack9 in assuming the rate of evaporation per unit radius to be directly proportional to the vapor pressure of the droplet have obtained from the Kelvin equation ab normally high values of surface tension; also the equally high values shown in column 8 of Table III and in column 6 of Tables IV and V. There is, however, a difference in that our values unmistakably decrease with decrease in droplet size, while the values of Woodland and Mack show a tendency to vary in the opposite direction.
One method of testing the validity of the Kelvin equation is to calculate the absolute surface tension values corresponding to different droplet radii. As the application of this method to the available data is prevented by the lack of knowledge of po in Eq. (9), it is possible to obtain evidence as to the constancy of a from calculated relative values.
Putting Eq. (9) into the form
where Ami = (l/ri)dm/dt and K i = \t z MD/RT, we obtain for the relative rate of evaporation per unit radius for two droplets of radii Y i and r2 the expression
Am2/Am±= (p2-p0) / (pi-po) •
Rearranging we get absorbing medium and that of the droplet at its largest radius.
Since the vapor pressure of the absorbing medium is determined by the initial conditions of each experiment and is undoubtedly constant during the whole period of observation, the decreasing ratio po/pi is a definite indication of a decreasing value of a with decreasing droplet size. The actual values of surface tension based on the assumption that the surface tension of the droplet at its largest radius was 32.6 ergs/sq. cm are given in column 8. They were obtained from Eq. (15) by using the first value of po/pi and calculating for a. A similar tendency is also to be observed in the values of a in column 6 obtained from the Kelvin equation on the basis of the erroneous assumption that po = 0, that is, that Amn/Ami = pn/pi.
T o explain the abnormally high values of a they have obtained, Woodland and Mack postu lated the presence of a layer of vapor surrounding the evaporating droplet. The thickness of this layer they calculate by applying Eq. (9) in which they neglect the term p^. Following this method of calculation we obtain values for the thicknesses of the vapor layer considerably larger than theirs. Thus, as shown in Table VI T able V I. The thickness o f vapor layer. the values for droplet 20 increase from one to four times the radius of the droplet, and for droplet 22 the thicknesses are even greater. It seems hardly plausible, in view of the mean free path under the present experimental conditions being about 0.01^, that the postulated saturated layer should exceed so considerably this value. This is also borne out by the agreement between our observations and Eq. (12). This equation as shown above was derived from Eq. (9) in which ri, on the assumption of a vapor layer, stands for the radius of the evaporating vapor sphere, and from Eq. (11) in which r stands for the observed radius of the liquid droplet. From this it is seen that the agreement of the observed rate of change of surface with theory is possible either on the assumption that the ratio r\/r is constant but larger than one, or that Yi = r. The first assumption must be ruled out, since as pointed out above the ratio ti/r constantly increases with decreasing r\ it therefore follows that within the experimental error the radii of the liquid droplet and of the vapor sphere coincide, and that the possible difference between r\ and r does not exceed 0.02¡i. However, it is possible that the value of 3.1 X 10-6 mm for pi used in these calculations is too small, as indicated by the extrapolated value of 7.8 X 10-5 mm obtained from the vapor pressure measurements of Hick man.20 On the other hand, it is obvious that for droplet 7 in Table III we would obtain negative values for the thickness of the vapor layer.
Though the values for the thickness of the layer are too large to be accepted as evidence, there are other indications pointing to the possible correctness of the vapor-layer idea. One such indication is the constant rate of change of surface exhibited by the droplets in these experiments. As evident from Eq. (12) this behavior requires that {pi -po) be constant; and, therefore, that pi, the vapor pressure of the evaporating droplet, be constant during the whole period of observation. This condition would seem possible in the light of the Kelvin relationship if the droplet at a certain distance from it is surrounded by a vapor film of constant pressure.
Let us assume that this film is within one mean free path from the surface of the droplet. In the region between the film and the surface of the droplet the number of molecules of vapor per cc is given by N=Npi/RT, where N is Avogadro's number and pi is the vapor pressure of the droplet. Of these molecules moving with the velocity u, 1/6 will be directed towards the film. The number of molecules that will pass in time dt an element of area dxdy in the plane of the film is
Similarly, the number of vapor molecules passing dxdy from a region of thickness udt adjacent to the other side of the film is
where p0 is the partial pressure of the vapor in this region. The net transfer of molecules through the element dxdy in the film is
and the mass transferred is
where M is the molecular weight of the vapor. This net transfer represents the mass which escapes the region between the droplet and the film and which diffuses to the walls of the vessel. The rate of evaporation per sq. cm is therefore Ami = (2M/9t t RT)^{Pi -po) ,
since u-(8R T /tM)K For simplicity and similar to Eq. (13) it can be written in the form
There is one important distinction between this equation and Eq. (13). In the latter Anti is the rate of evaporation per unit radius, while here it represents the rate per unit area. Relating the rate of evaporation of a droplet of radius rn and of vapor pressure pn to that of a droplet of radius r± and of vapor pressure pi, we obtained an expression equal in form to Eq. (16). Then combining it with the Kelvin equation we obtain an expression which is analogous to Eq. (17), and which equally allows the evaluation of the variation of surface tension with curvature.
The results obtained in following the same method of calculations as in the case of the diffusion equation are presented in Tables I, II, IV and V. In the sixth column of Tables I and II observed rates of evaporation expressed in grams per second per sq. cm are given. In the fifth column of Tables IV and V are given the relative rates of evaporation per sq. cm, and in the ninth column of the same tables the values of po/p\. It is to be observed that the values of po/pi are constant to a remarkable degree, the maximum deviation being in Table IV about 0.06 percent and in Table V about 0.2 percent, and the deviation from the average being 0.04 and 0.15 percent, respectively. If we were to exclude in each table the first value of this ratio corresponding to time intervals in which the steady state was probably not yet established, the deviations from the average would be reduced to about 0.01 percent in the case of both droplets. This fact seems therefore to indicate the validity of the Kelvin relationship for droplets ranging in size from 1.67^ to 0.47jii; and since there is no reason to suspect any different behavior for droplets larger than 1.67/x, the Kelvin equation seems to hold for all droplet sizes down to 0.5/z, and most likely also for radii reasonably smaller.
The contradictory results obtained from these two interpretations of the process of evaporation of liquid spheres are not at all surprising. If there is no discontinuity at the surface of the evaporating droplet, in the sense that the density gradient varies continuously from the surface of the liquid down to the absorbent, then the assumption of a vapor film or vapor layer around the droplet together with the conclusion based upon this assumption are erroneous. On the other hand, if the idea of a film of vapor or an equivalent form of discontinuity is correct, then Eq. (17) and the conclusions based upon it are not valid, since the Kelvin equation in the present form is not applicable to vapor spheres. In this connection it is worth pointing out that for a similar reason there is a serious objection to the use of the Kelvin equation for the calcu lation of surface tensions of solids from evapora tion measurements.
On theoretical grounds there is little reason to suspect that in microscopic droplets surface forces would extend beyond a distance of a few molecular layers. However, there are numerous investigations recorded in the literature in which evidence of surface forces acting through rela tively great distances is presented. For instance, Trillat21 and Perrin22 from x-ray measurements and Taylor23 from measurements of the index of refraction on liquid films find evidence pointing to a possible orientation extending through a relatively large number of molecular diameters. Derjaguin24 reaches similar conclusions from measurements of the resistance to the movement of an oscillating lens presented by water surfaces.
The distances through which the surface forces are reported to act are of the same order of magnitude as the diameters of the droplets in the present experiments. Unfortunately, it was not possible from our data to determine whether the range of action of the surface forces of the droplets was equally great, since we were only able to obtain relative values of the surface tensions. However, the decreasing surface tension with increasing curvature obtained on the basis of one of the mechanisms of evaporation dis cussed above can only be explained25 on the assumption that the surface forces of the droplets extend through distances equally great as those reported by other investigators. But to establish this it would be necessary to determine first which of the mechanisms represents the process of evaporation of tiny droplets. , 1888) , p. 165, to be negligible. Nor is it likely that contamination of the surface is responsible for the effect observed, since the surface tensions of substances considered to be con taminants and of the liquid are nearly alike, and high concentrations would have to be assumed to approach quantitatively anywhere near the lowerings observed.
